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Abstract

The paper presents the results of an experimental
study of nucleate pool boiling performed in the low
gravity environment of the space shuttle. Photographic
observations of pool boiling in Freon 113 were obtained
during the “Tank Pressure Control Experiment,” flown
on the Space Transportation System, STS-43 in August
1991. Nucleate boiling data from large (relative to bub-
ble sizes) flat heating surfaces (0.1046 by 0.0742 m) was
obtained at very low heat fluxes (0.22 to 1.19 kW/m?).
The system pressure and the bulk liquid subcooling
varied in the range of 40 to 60 kPa and 3 to 5 °C,
respectively. Thirty-eight boiling tests, each of a 10-min
duration for a given heat flux, were conducted. Meas-
urements included the heater power, heater surface tem-
perature, the liquid temperature and the system pressure
as functions of heating time. Video data of the first
2 min of heating was recorded for each test. In some
tests the video clearly shows the inception of boiling and
the growth and departure of bubbles from the surface
during the first 2 min of heating. In the absence of
video data, the heater temperature variation during
heating shows the inception of boiling and stable nucle-
ate boiling. During the stable nucleate boiling the wall
superheat varied between 2.8 to 3 8 °C for heat fluxes
in the range of 0.95 to 1.19 kW/m The wall superheat
at the inception of boiling varied between 2 to 13 °C.

Nomenclature
£ gravitational acceleration on Earth’s
surface
P partial pressure of the noncondensable
gas
P, tank pressure

* Analex Corporation, Brook Park, Ohio 44142.

q heat flux

T1,T2,T4,T5 fluid temperatures

T3,Té heater A and heater B temperatures

T7 jet temperature

T, saturation temperature based on
tank pressure

T, : heater A or heater B temperature

AT, liquid subcooling, (T, — T1)

AT,,, wall superheat, (T, — T,)

Introduction

A flight experiment titled “Tank Pressure Control
Experiment” (TPCE) was performed in the Space
Transportation System, STS-43, in August 1991. The
TPCE was an autonomous secondary payload carried
within a standard Get Away Special (GAS) container.
The primary objective of TPCE was to investigate the
fluid mixing process in a partially filled tank in a long
duration low gravity environment. The fluid mixing is
induced by an axial turbulent jet. The mixing process
is quantified either in terms of a pressure or temperature
equilibration rate. A detailed description of TPCE
which includes design and fabrication of the payload,
integration of the payload on the Space Transportatlon
System, and the experimental results is given by Bents.!
An analysis of TPCE jet induced fluid mixing results in
the long duration low grav1ty environment of STS-43 is
presented by Bentz et al.2

The initial conditions, such as the tank pressure and
the liquid temperature stratification for each test of the
TPCE were produced by heaters immersed in the nearly
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saturated Freon 113. However, a review of the pub-
lished literature led us to conclude that there is no
relevant experimental data or design experience, on the
design of a heater for a nonflowing fluid system in a
long duration low gravity environment. Experimental
studies®” of the 1960s to investigate the effects of the
reduced gravity on pool boiling provide useful informa-
tion. However, the results from these studies are incon-
clusive, mainly because of the short duration low gravity
environment (2 to 5 sec). Also, most of these investiga-
tions were performed with a relatively small heating sur-
face at high heat flux. Extrapolation of the results to
low heat flux conditions in a long duration gravity envi-
ronment is questionable. Siegel® provides an excellent
review of low gravity boiling works prior to 19686.

More recently, Straub and his co-workers® 10 carried
out a series of pool boiling experiments at low gravity in
ballistic rocket flights TEXUS (Technologische Experi-
mente Unter Schwerelogiskeit) and in parabolic flights
with KC-135 aircraft. The effects of fluid properties,
liquid subcooling and heater geometry were investigated.
Straub et al.!! summarizes the findings of these investi-
gations in a review paper. In their experiment, with
Freon 113 using a flat heating surface, the wall heat
flux, q, was varied in the range of 20 to 80 kW/mz. A
careful observation of the saturated boiling data suggests
that steady state nucleate boiling was not achieved even
with the lowest heat flux.

Based on the review of pertinent literature, we
concluded that there is a complete lack of experimental
data to design a heater for TPCE, especially if film boil-
ing is to be avoided. This lack of information, then,
makes the heater design and its operation in a long
duration low gravity environment a subject of experi-
mental investigation for TPCE. Large flat heaters were
designed to operate at very low heat fluxes. Heat fluxes
were varied for the range of free convection to the iso-
lated bubble region in normal gravity. This paper pre-
sents the experimental results, which include boiling and
nonboiling data, during the heating phase of TPCE.

The Experiment

Figure 1 shows the schematic of the experimental
system. It consists of a 0.254-m diameter cylindrical
tank with hemispherical domes. The volume of the tank
is 0.0187 m>. Bentz! provides the rationale for selecting
the tank geometry and the dimensions. The tank was
filled with Freon 113 to about 84 percent by volume. A
Jjet nozzle is positioned along the tank’s major axis near
the one end of the tank to provide fluid mixing. Two
mixer pumps located outside the tank are supplied with
vapor free liquid by a liquid acquisition device (LAD ).

Two flat heaters, designated as heater A, and heater
B, are immersed in the fluid. Heater A, is located
within 0.5 ¢m from the end of the tank wall opposite to
the jet nozzle. Heater B, is located off the tank major
axis and approximately 2.5 cm away from the wall.
Both the heaters are of the same size, except that heater
A, is bent to a 12.1-cm radius to follow the curvature of
the tank wall. Figure 2 shows the heater configuration
and some details of its assembly. The two heaters are
constructed of an etched-foil element encased in silicon
rubber insulation, which is sandwiched between two
304L stainless steel plates. The heating element is a 9.6-
by 6.6-cm rectangle with a 0.64-cm circular cutout to
provide passage for the thermistor probe. Each steel
plate has a thickness of 0.191 c¢m, narrowing to 0.089 cm
near the perimeter weld. The outside dimensions of the
heater assembly are 10.46 by 7.42 cmm. The total surface
area (both sides of the heater) is 155 cm®. The heater
assembly is welded to a standoff tube which supports
the assembly and contains the leads. The total mass of
each heater, excluding the standoff tube and thermistor,
is 0.214 kg, and thermal capacitance is estimated to be
0.10 kJ/C. Power is supplied to the heater by a battery
pack consisting of 96 F-size alkaline cells.

The primary measurements during the heating phase
of TPCE include the tank pressure, heater power, heater
surface temperature and the liquid temperature as func-
tions of time. The temperature probes are thermistors
encapsulated in stainless steel sheaths. Thermistors T1,
T2, T4, and T5 measure the liquid temperatures at
various locations in the tank. Exact locations of the
thermistors with respect to the tank wall and heaters are
given in references 1 and 2. Thermistors T3 and T6
measure the surface temperature of heaters A and B,
respectively. Three accelerometers are installed to the
tank support to measure acceleration in three axes. In
addition to the digital data, video observations are
recorded by two modified 8-mm format camcorders.
The range, resolution and accuracy of each measuring
device are described in detail by Bentz.!

Constraints were imposed from both conducting
experimentation on the STS and the fluid mixing exper-
iment requirements. One such constraint was the use of
a noncondensible gas to provide the necessary amount of
liquid subcooling to avoid pump cavitation at higher
flowrates. For a well defined boiling experiment, one
would like to carefully degas the liquid such that dis-
solved gases are removed. For TPCE, Freon 113 was
first degassed and a small amount of helium was added
to provide 8 to 4 °C of liquid subcooling. The partial
pressure of the noncondensable gas, P, , and the tank
total pressure, P,, during the experiment varied from
4 to 5 kPa and 40 to 60 kPa, respectively. The STS
background acceleration level was around 106 g with
disturbance levels of 10°% g.
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Thirty-eight fluid mixing tests, consisting of various
combination of jet flowrates and heaters were performed.
The initial condition of each test run was established by
heating the fluid with either heater A, or heater B, or
both heaters on. The heating phase for each test lasted
for 10 min. Video observation of the first 2 min of the
heating period was recorded for each test. There was no
video recording between 2 to 10 min of heating. At the
end of heating period, the video was turned on 2 sec
before the start of the mixing experiment to observe the
process at the end of 10 min of heating. The heating
rate for each test was constant, but varied from 6.9 to
18.5 W during the test matrix. The heat flux corres-
ponding to t.he above heating rates, ranged from 0.22 to
1.19 kW/ m?. To our knowledge, the results of the
heating pha.se of this experiment, constitute the first set
of pool boiling data in the long duration low gravity
environment of the STS.

Results and Discussion

The unique feature of the experimental results is the
demonstration of steady nucleate pool boiling in a long
duration low gravity environment. Figure 3 shows the
heater surface temperature, T, as a function of heating
time for three different test runs. For run 14 (heater A
on), with a heat flux of 1.07 kW /m?, the heater temper-
ature reaches a constant value, after approximately
4 min of heating. The heater temperature history
thereafter shows the sustainability of nucleate boiling at
this heat flux, in low gravity. The same conclusion can
be drawn for run 17 with heater B on. However, when
both heaters A and B are on simultaneously, the wall
heat flux is 0.22 kW/mz. The heater temperature in
this case increases monotonically, and boiling was not
observed during 10 min of heating.

Figures 4(a) to (c) are still photographs taken
from the flight videotape for run 37. The sequence of
photographs clearly shows the inception, growth and
departure of bubbles from the surface of heater B. Fig-
ure 4(a), taken 45 sec after heater B was turned on,
shows the location of the ullage bubble (bubble corre-
sponding to 16 percent vapor volume}. This configura-
tion represents the approximate location of ullage
bubble at the start of the heating phase for most of the
test runs. In some cases, the bubble was attached to
either heater A or heater B. Figure 4(a) also shows the
inception of a bubble on the surface of heater B. Fig-
ure 4(b) shows the growth of the bubbles while they are
still attached to the heater. Time elapsed between
Figs. 4(a) and (b) is 42 sec. Four bubbles of sizes
ranging from 0.8 to 1.8 cm can be clearly seen on the
heater surface. The length of the heater (10.46 cm), is
used as a scale to estimate the bubble size. Figure 4(c),
taken after 109 sec of heating time, clearly shows the

departure of a bubble from the heater surface. The bub-
ble departure diameter in this case was about 2.5 cm.
The bubble diameters at the point of departure ranged
between 2.0 o 3.8 cm.

Figure 5 shows heater B surface temperature and
the liquid temperature measured by thermistors T6 and
T1, respectively, for run 37. Also included in the figure
are the tank pressure and the saturation temperature of
Freon 113 at the tank pressure. The thermistor T1 mea-
sures the liquid temperature farthest from either heater
A or heater B. The liquid subcooling is defined with re-
spect to T1. Careful observation of Fig. 5 along with
Figs. 4(a) to (c), shows that the heater surface tempera-
ture, T,, (thermistor T6), is slightly below the satura-
tion temperature, T,, of Freon 113 at the point of
bubble inception. This is due to the presence of noncon-
densable gas in the system. Also note that during the
bubble growth and the bubble departure, the heater
temperature continued to increase. This is due to the
fact that the heater was quite large (10 46 by 7.42 cm),
relative to the bubble sizes, and the temperature was
measured only in one location. At the early stage of
boiling at this low heat flux only a few bubbles (in some
cases one or two) were formed. If the thermistor T6,
happened to be away from the point of bubble formation
and departure, it did not respond to the events. How-
ever, as boiling progressed, bubbles were formed over the
entire heating surface. The heater temperature dropped
and finally attained a constant value. Figure 5 clearly
shows that for run 37, the heater temperature reached a
constant value after 4 min of heating. The heater tem-
perature histories in the absence of video data for most
of the test runs conclusively demonstrate the sustainabil-
ity of nucleate pool boiling, at these low heat flux levels
in a long duration low gravity envu‘onment For run 37,
the heat flux was 0.95 kW/m The wall superheat,
AT,,,, during the stable nucleate boiling for this case
was about 3.5 °C for a liquid subcooling, AT
3.3°C.

sub’ ©

Heater B temperature variation for run 19, which is
almost identical to run 37, is shown in Fig. 6. During
the stable nucleate bmlmg a wall superheat of 3.5 °C
was attained for a heat flux of 1.00 kW/ m? , and liquid
subcooling of 3.6 °C. A significant difference between
run 19 and run 37, is that for run 19 bubble inception
was not observed during 2 min of heating. The values
of wall superheat during nucleate boiling for all other
runs along with their corresponding heat flux values are
listed in Table 1. The table does not include runs 33
to 36, because boiling was not observed in these cases.

Figures 7(a) to (c) show the boiling occurring on
heater A for run 14. At the start of the heating period
(not shown in figures) the nearly spherical ullage bubble
was touching one end of heater A. Figure 7(a) shows
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the position of ullage bubble after 58 sec of heating.
The ullage assumed a nearly symmetrical position with
respect to heater A. The gap between the heater suface
and the bubble interface is about 0.5 cm. Figure 7(b)
shows boiling inception at 102 sec of heating. Bubble
departure was not observed during the first 2 min of
video recording. Figure 7(c) is a still photograph from
videotape at the end of 10 min of heating. This photo-
graph clearly shows numerous bubbles of varying sizes
departing from the heater surface. Heater A surface
temperature (thermistor T3), the liquid temperature
(T1), and the tank pressure variation (P;) with heating
time for run 14 is shown in Fig. 8. Heater temperature
reached a constant value after 4 min of heating, The
wall superheat, AT during nucleate boiling was
2.2 °C.

sat’

Straub et al.!! in their discussion of relatively high
heat flux pool boiling results, with Freon 113, in short
duration (about 20 sec for a given heat flux) low gravity
experiments noted, “In the microgravity experiment
after each heat flux step the temperature increase shows
a tendency of an asymptotic constant value. It can not
be excluded that with a larger heater surface and a
longer heat flux period, steady state boiling would have
been achieved.” The results presented in this paper
clearly demonstrate the sustainability of stable nucleate
pool boiling in low gravity at considerably lower heat
fluxes than those reported by Straub et al.l!

In most test runs with heater A and some with
heater B, boiling inception was delayed and heater wall
superheat reached considerably higher values even at
these low heat fluxes. Figure 9 shows that for run 7
(heater B on), heater wall superheat, AT, reached a
value of 10.5 °C before boiling occurred. Figure 10
which is & still photograph taken from the video of run
17 at the end of 10 min heating shows a growing bubble
(about 5.5-cm diameter) attached to the heater surface.
Figures 11 and 12 show the heater A surface tempera-
ture variation (T3) as a function of heating time for
runs 22 and 21, respectively. For run 21 (Fig. 12) the
heater temperature continued to increase for about
7.5 min with no change in tank pressure. The wall
superheat reached a value of 13 °C, followed by either
violent boiling or flashing of superheated liquid as
evidenced by pressure spikes of considerable magnitude
and an abrupt drop in heater wall temperature.

Conclusion

The results of an experimental study of nucleate
pool boiling in the low gravity environment of the STS
are presented. The experimental data clearly demon-
strates that stable nucleate pool boiling is viable in long
duration low gravity environments for very low heat
fluxes. The data also show that high wall superheat
may occur even at these low heat fluxes.
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TABLE 1.—WALL SUPERHEAT DURING
NUCLEATE BOILING

Run AT, b AT, . q, Heater
number °C . kW /m?

1 4.0 3.6 1.19 B

2 4.0 3.4 1.18 B

3 3.6 3.8 1.14 B

4 3.8 3.8 1.13 B

5 3.9 3.4 1.11 B

6 4.0 3.6 1.10 B

7 4.1 3.5 1.10 B

8 4.7 3.3 1.08 B

9 4.9 2.0 1.11 A
10 4.9 .69 1.10 A
11 4.6 71 1.10 A
12 4.6 .86 1.08 A
13 4.8 .60 1.08 A
14 4.9 2.2 1.07 A
15 5.0 .86 1.07 A
16 4.6 .68 1.06 A
17 3.8 3.6 1.03 B
18 3.7 3.2 1.01 B
19 3.6 3.5 1.01 B
20 3.5 2.8 1.01 B
21 3.1 .76 1.03 A
22 4.8 .53 1.03 A
23 4.1 51 1.03 A
24 4.4 .83 1.03 A
25 3.5 3.8 .96 B
26 3.7 3.3 .96 B
27 3.7 3.5 .96 B
28 3.4 3.6 .96 B
29 31 .79 .99 A
30 4.3 47 99 A
31 3.1 .65 .99 A
32 4.5 .70 .99 A
37 3.3 3.5 .95 B
38 4.1 .36 .96 A
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Figure 1,.—Schematic of experimental system.
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Figure 2 —Heater configuration and assembly.
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Figure 3.—Heater temperature as a function of time for various
heat fluxes.
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(b) Bubble growth: Elapsed heating time = 97 seconds.

{c) Bubble departure: Elapsed heating time = 109 seconds.
Figure 4 —Bubble formation, growth and departure from heater B;
Run no. 37.
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(c) Boiling process after 9 minutes 45 seconds.

Figure 7.—Boiling process on heater A, Run no. 14,
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